ABSTRACT: Breeding standards of most dog breeds specify tolerable ranges of certain conformation traits. In the German shepherd dog (GSD), current means for withers height (WH) and BW are close to the upper breed limits. Therefore, strategies to avoid a further increase in size and to maximize the proportion of dogs fitting the breeding standard with respect to WH and BW should be compared. Body measurements were available for 14,416 male and 21,612 female GSD from 26,155 litters. Withers height and body mass index (BMI; i.e., BW/WH 2 ) were considered direct selection traits. Using information on 17,154 GSD from litters with at least 2 dogs with conformation data, we defined within-litter variances of WH (vWH) and BMI (vBMI) as traits to select for the conformational homogeneity of litters. Officially recorded scores for canine hip dysplasia (CHD) of all dogs were used to monitor possible side effects of conformation selection on CHD. Genetic parameters were estimated multivariately in linear animal models by using Gibbs sampling. Heritabilities ranged between 0.19 and 0.34 for all traits, and additive genetic correlations between WH and vWH were −0.11 and those between BMI and vBMI were 0.11. The expected selection response was studied using the relative breeding values (RBV) of parents, assuming exclusion of sires, dams, or both with RBV larger than 120 and comparing means of WH, BMI, and CHD scores between offspring of all and selected parents. Concurrent selection for small WH and vWH was found to reduce the mean WH in males and females most efficiently while having little effect on CHD distributions. Multiple-trait selection for WH, vWH, BMI, and vBMI was hindered by the negative genetic correlations between the traits, and it tended to interfere with improvement of CHD status. Use of the RBV for WH and vWH for conformation selection is therefore recommended to maximize breeding success with regard to conformation and conformational homogeneity in the GSD.
INTRODUCTION
In dog breeding, conformation traits represent important selection criteria. For most breeds, the breeding standards focus on the appearance of the dogs, defining minima and maxima for certain body measures that are to be kept by male and female breeding animals. In this regard, it should be mentioned that aesthetic aspects not only may be relevant for pet and show dogs, but also may play some role in working dogs. However, in the latter, functional aspects are to be considered as well. Guard dogs, such as the German shepherd dog (GSD), must have a certain stature to be able to fulfill their duties, making plausible the fact that withers height (WH) and BW are routinely measured in selection candidates. Other body measurements, such as chest width and chest depth, are taken as well, and many body points are subjectively scored in the GSD, but WH and BW are considered the most important for the usability of the dogs. Sex-specific minima and maxima of WH and BW are therefore fixed in the breeding standard of the GSD, and selection as a breeding dog requires fitting the standard. Body mass index (BMI) reflects the relation between BW and WH 2 . A BMI, calculated similarly as in humans, may be a useful measure in dogs by favoring body shapes that are taller than they are long (Roberts and McGreevy, 2010) . Dogs with conformational attributes leading to a reduced BMI and a decreased body length-to-height ratio are supposed to be at decreased risk for hip dysplasia, based on across-breed studies (Comhaire and Snaps, 2008; Roberts and McGreevy, 2010) . Selection on BMI may therefore be more efficient in producing dogs of favorable body proportions and stature with respect to hip dysplasia, even if BMI is not yet used as a selection trait.
Moderate to high heritabilities of body measures provide the basis for selective breeding toward, for example, smaller or larger WH. This kind of conformation selection is practiced across species, regardless of whether they are uniparous or multiparous. However, in multiparous species, similarity of siblings with regard to specific aspects of conformation may be as important as the individual phenotypes of the siblings. The risk of postnatal losses attributable to insufficient food supply or disease may be smaller, and raising litters may generally be more successful in cases of homogeneous litters than in cases of heterogeneous litters (Damgaard et al., 2003; Wolf et al., 2008) . Furthermore, because juvenile differences in the size and stature of individuals often persist into adulthood, small differences between littermates may coincide with large proportions of progeny fitting the breeding standard. The proportions of dogs eligible as breeding animals and suited for their intended use represent criteria to distinguish between successful and less successful breeders. However, the genetic basis of homogeneity vs. heterogeneity of litters with regard to conformation traits has not yet been investigated in the dog. Accordingly, the genetic correlations between the most important conformation traits, that is, WH and BW or BMI, on the one hand and their variance within litters on the other hand is unknown for the GSD.
Physical health is another prerequisite for usability of an individual, so the monitoring of health traits has been introduced by most dog breeding organizations. In the GSD, radiographic examination for canine hip dysplasia (CHD) has been obligatory for all breeding animals for more than 4 decades, and selection against CHD has been practiced since 1966. Therefore, all studies of traits relevant for current or future selection in the GSD should also consider CHD to ensure the feasibility and efficiency of selection practices. The aims of this study were to estimate genetic parameters for WH and within-litter variance of WH (vWH), and for BMI and within-litter variance of BMI (vBMI), and to investigate the expected responses to selection for conformation, within-litter variance of conformation, or both. Expected selection responses were to be expressed for the conformation traits of interest (WH and BMI) and for CHD to assess opportunities for modification of the currently practiced selection schemes.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because data were obtained from an existing database (Verein für Deutsche Schäfer-hunde e.V., Augsburg, Germany).
Data
Conformation data collected in the course of breeding approvals of GSD in Germany between 1994 and 2005 were used for this study. Information on body measurements, together with base and pedigree information, was provided by the German Shepherd Dog Breeding Association [Verein für Deutsche Schäfer-hunde e.V. (SV)]. Body measurements included WH (cm) and BW (kg), from which the BMI was calculated as the quotient of BW and WH 2 (m 2 ). All WH and BW measurements were taken by judges authorized by the SV. Dates and places of conformation evaluations were documented, as were the judge and the regional division of the SV that organized the breeding approval. In cases of repeated presentations of dogs, only the last conformation evaluation result was considered. Basic information was available for all dogs with conformation data and included specification of the sex, kennel, date of birth, sire, and dam. Additional information referred to the officially recorded CHD grade of the dogs. Canine hip dysplasia was recorded according to the standard protocol, which has been described elsewhere (Stock et al., 2011) . To facilitate comparisons of CHD distributions and to trace CHD development under selection for conformation, the original scale of CHD grades from A to E was transformed to a 5-point numeric scale, with a CHD score of 1 corresponding to the original CHD grade A, a CHD score of 2 corresponding to the original CHD grade B, and so on.
Information referred to 14,416 male and 21,612 female GSD, which were born between 1992 and 2003. In both sexes, conformation evaluation took place at a mean age of approximately 34 mo, with an age range of 16 to 72 mo in the males and an age range of 13 to 72 mo in the females. All 36,028 dogs were positively evaluated at breeding approval (i.e., had received the approval to reproduce under the SV). The distributions of dogs across litters, together with trait distributions, are shown in Table 1 . The breeding standard of the SV requests WH of 60 to 65 cm and BW of 30 to 40 kg for males and WH of 55 to 60 cm and BW of 22 to 32 kg for females (Fédération Cynologique Internationale Standard No. 166) . However, according to the SV regulations for breeding approval, minor anatomical faults may be tolerated, including minor over-or undersize. In the males of this study, mean WH was 64.37 ± 0.89 cm, mean BW was 36.47 ± 2.88 kg, and mean BMI was 88.00 ± 6.38 kg/m 2 . Corresponding means for the females in this study were 59.22 ± 0.94 cm for WH, 29.03 ± 2.42 kg for BW, and 82.75 ± 6.48 kg/m 2 for BMI. In both sexes, ranges of BW were considerably larger (25.0 to 47.0 kg in males, 20.0 to 41.5 kg in females) than those suggested in the breeding standard. Of the 26,155 litters that were represented by at least 1 dog with conformation data, fewer than one-third (7,282 litters) contributed 2 or more approved dogs. However, conformation information on at least 2 dogs per litter was required to calculate within-litter variances as the squared SD from the litter mean of WH (vWH) and BMI (vBMI) . Accordingly, the number of dogs with vWH and vBMI information was considerably smaller than the total number of dogs with conformation information, namely, 17,154 dogs, of which 7,136 were males and 10,018 were females. Means and ranges of WH and BMI were almost identical in all dogs with conformation information and in the dogs with at least 1 conformation-evaluated littermate. The proportion of litters contributing both males and female dogs was 58% (n = 4,215), whereas 13% of litters (n = 926) contributed only males and 29% of litters (n = 2,141) contributed only females. Because of the sex dimorphism with regard to WH and BW, within-litter variances were adjusted for litter size, the proportion of approved dogs in the litter, and the proportion of males among the approved dogs. More than 50% of all littermates were approved in only 30% of the litters with 2 or more dogs with conformation data. Maximum within-litter variances were expected in litters with only 2 informative dogs of different sexes. However, according to results of previous genetic analyses, in which genetic correlations close to unity were found between corresponding body measures of males and females (Dammann et al., 2009) , both WH and BMI were considered to represent the same traits in male and female dogs.
Estimation of Genetic Parameters
Genetic analyses were performed for the conformation traits WH and BMI and their within-litter variances, vWH and vBMI. To limit the computational efforts, the analyses were split into 2 bivariate analyses, each of which included 1 conformation trait and the corresponding within-litter variance: 1) WH and vWH, and 2) BMI and vBMI. In both analyses, pedigree information on 4 generations was included, resulting in a relationship matrix of 65,551 animals in total, among which were 12,249 base animals.
Model development was based on the results of ANO-VA, which were performed for WH, BMI, vWH, and vBMI using the MIXED procedure (SAS Inst. Inc., Cary, NC). All available pedigree information, which included up to 10 generations, was used to estimate inbreeding coefficients with the software package PEDIG (Boichard, 2002) . The fixed effects of month and year of birth, age at breeding approval, region and regional division of the SV organizing the breeding approval, litter size, and inbreeding coefficient, and the random effects of judge, kennel, dam within kennel, and litter were considered for all traits. In addition, the fixed effect of sex of the dog was considered for WH and BMI only, and the fixed effects of the proportion of approved dogs per litter and the proportion of male dogs among the approved dogs per litter were considered for vWH and vBMI only. The following models were used for (co)variance component estimation: where y i...w (y j...w ) is the trait value for WH or BMI (vWH or vBMI), μ is the model constant, SEX i is the fixed effect of the ith sex (i = 1, 2; male, female), AGE j is the fixed effect of the jth class of age at breeding approval (j = 1 to 3; ≤24 mo, 25 to 36 mo, >36 mo), MONTH k is the fixed effect of the kth month of birth (k = 1 to 12; individual months from January to December), YEAR l is the fixed effect of the lth class of year of birth (l = 1 to 6; 1992/1993, 1994/1995, 1996/1997, 1998/1999, 2000/2001, 2002/2003) , REG m is the fixed effect of the mth region of breeding approval (m = 1 to 3; Western Germany, non-German countries, Eastern Germany), RDIV n is the fixed effect of the nth regional division of the SV organizing the breeding approval (n = 1 to 20; 19 individual German regional divisions of the SV, non-German regional divisions combined), IBC o is the fixed effect of the oth class of inbreeding coefficient (o = 1 to 3; 0.000, 0.001 to 0.015, >0.015), LS p is the fixed effect of the pth class of litter size (p = 1 to 3; <4 puppies, 4 to 7 puppies, >7 puppies), P_APP q is the fixed effect of the qth class of proportion of approved breeding animals in the litter (q = 1 to 5; <0.20, 0.20 to 0.39, 0.40 to 0.59, 0.60 to 0.79, ≥0.80), P_MALE r is the fixed effect of the rth class of proportion of males among the approved breeding animals in the litter (r = 1 to 5; <0.20, 0.20 to 0.39, 0.40 to 0.59, 0.60 to 0.79, ≥0.80), judge s is the random effect of the sth judge (s = 1 to 109); kennel t is the random effect of the tth kennel (t = 1 to 7,267); dam(kennel) u is the random effect of the uth dam within kennel (u = 1 to 18,180), a v is the random additive genetic effect of the vth animal (v = 1 to 65,551), and e i...w (e j...w ) is the random residual.
Genetic parameters were estimated in bivariate linear animal models using Gibbs sampling with the program MTGSAM (Van Tassell and Van Vleck, 1996) , which assumes normal distributions of random and residual effects and uses flat priors for the fixed effects. Bivariate models included WH and vWH or BMI and vBMI. To express little prior knowledge and at the same time ensure posterior propriety, a proper prior following an inverted Wishart distribution with minimum shape parameter (ν IW = 4) was adopted for the genetic (co) variance matrix. A starting value of 1.0 was chosen for the additive genetic and the residual variance. The total length of the Gibbs chain was set to 105,000, and the first 5,000 rounds were discarded as burn-in. Visual inspections of sample plots revealed that this length of burn-in was always sufficient to achieve convergence. Results from each 500th round of Gibbs sampling were saved to calculate the posterior estimates to avoid autocorrelation. According to our experiences with the Gibbs sampler, these conditions guarantee good mixing and convergence of Gibbs chains (Stock et al., 2011) . Starting values different from proper priors for random effects can lead to impropriety and extremely poor mixing (Stock et al., 2007) . Heritabilities (h 2 ) and additive genetic correlations (r g ) were calculated for 2 traits (1 and 2) from the respective additive genetic variances Monte Carlo errors were calculated for all (co)variance estimates by the time-series method implemented in the post-Gibbs analysis program POSTGIBBSF90 (Tsurata, 2005) with a thinning rate of 10. Posterior densities of the genetic parameter estimates were normally distributed and symmetric. Mean, median, and mode were identical for heritability and additive genetic correlation estimates.
Genetic Evaluation and Expected Response to Selection
Breeding values predicted for WH, vWH, BMI, and vBMI were subsequently standardized to a mean of 100 and an SD of 20. In each case, the parents of informants served as the reference population. The 36,028 dogs with conformation data descended from 5,427 sires and 15,439 dams, so standardization of breeding values for WH and BMI was to the mean of 20,866 dogs of the parent generation. The 17,154 dogs with information on vWH and vBMI (i.e., from litters with at least 2 conformation-evaluated littermates), descended from 2,001 sires and 5,436 dams, so standardization of breeding values for vWH and vBMI was to the mean of 7,437 dogs of the parent generation. The relative breeding values (RBV) were used for all further analyses.
Joint distributions of RBV for WH, vWH, BMI, and vBMI were studied using the CORR procedure of SAS. Pearson correlation coefficients were calculated between the respective RBV in the sires and dams of all dogs with conformation data and of the dogs from litters with at least 2 conformation-evaluated littermates.
Expected responses to selection based on RBV for the conformation traits, their within-litter variances, or both were studied. Because we had found that in both males and females, the body measurements were close to the upper limits defined in the breeding standard, excessive size (as measured by WH) and heavy stature (as measured by BMI) should be avoided in future breeding. To investigate whether the predicted RBV for WH and BMI were suitable to achieve this, we assumed exclusion of sires, dams, or sires and dams with respective RBV larger than 120. Distributions of WH and BMI in the offspring of the parents with RBV of up to the defined selection limit of 120 were then compared with the distribution of WH and BMI in all conformationevaluated dogs. The expected selection response was reflected by the decrease of WH and BMI. Homogeneity of litters with respect to conformation was assumed to represent another possibility to minimize the number of dogs of extreme size or extremely heavy stature. Furthermore, selection for limited within-litter variance of conformation may be applied alone or in combination with WH or BMI selection. Therefore, the same selection limit of 120 was set for RBV of vWH and vBMI, and the expected response to selection with respect to WH and BMI was studied as described above. Because of the importance of CHD in the breeding of GSD, distributions of CHD were monitored in all selection scenarios studied. 
RESULTS
Estimates of heritabilities and additive genetic correlations from the 2 bivariate analyses are given in Table  2 . Moderate heritabilities, ranging between 0.19 and 0.41, were estimated for all traits. Concerning the relation between heritability estimates for the body measurements and their within-litter variances, the heritability of WH was 1.2 times larger than the heritability of vWH, whereas the heritability of BMI was only twothirds the heritability of vBMI. A negative additive genetic correlation of −0.11 was estimated between WH and vWH, and a positive additive genetic correlation of 0.11 was estimated between BMI and vBMI. Standard errors were <0.02 for the heritabilities and <0.03 for the additive genetic correlations.
Pearson correlation coefficients calculated between RBV for WH, vWH, BMI, and vBMI in the parents of GSD in this study are given in Table 3 . Relative breeding value correlations between body measurements and their within-litter variances reflected the additive genetic correlations in both sires and dams as well as in the parents of all dogs with conformation data and the dogs with at least 1 conformation-evaluated littermate. In the dams, negative correlations between RBV for WH and vWH were more distinct (r = −0.28 to −0.26) than those in the sires (r = −0.18 to −0.17), but positive correlations between RBV for BMI and vBMI were very similar in sires and dams (r = 0.12-0.13). There was a consistent and significant negative correlation between RBV for WH and BMI (r = −0.20 to −0.16), whereas the RBV for vBMI were largely uncorrelated with the RBV for both WH and vWH (r = −0.06 to 0.06).
Expected responses to selection in males and females under the selection scenarios studied are shown in Tables 4, 5, and 6. The maximum decrease in mean WH was <1% and the maximum decrease in mean BMI 
DISCUSSION
Information on the body measurements of GSD were used to investigate the opportunities for conformation selection in this dog breed. Available data referred to male and female dogs that had been positively evaluated at breeding approvals of the SV in a time period of 12 yr. Because of the respective conformation requirements defined in the SV breeding standard, variation in WH and BW was rather limited in these data. The regulations currently applied for breeding approvals, which came into effect in 2007, limit the tolerable over-or Table 4 . Expected responses to selection with respect to withers height (WH; first line), body mass index (BMI; second line), and score for canine hip dysplasia (CHD; third line) when selection is performed for WH or withinlitter variance of WH (vWH) or for WH and vWH in sires, dams, or sires and dams in the German shepherd dog undersize to 1 cm of WH. In our data, WH distribution in the males already fit this regulation, and the range of WH in the females was only slightly larger (a maximum oversize of 1.5 cm). Size variation in the entire population of GSD is likely to be considerably larger, but conformation evaluation is routinely done only in the breeding candidates. Data on the total distribution of conformation traits in the GSD are not available. However, heritabilities on the order of 0.4 document the still-relevant additive genetic variance within the sample of conformation-evaluated dogs, justifying its use as the basis of genetic evaluation for conformation. Within-litter variances of body measurements were defined as separate traits to be considered for genetic evaluation. Previous studies on within-litter variance in conformation, which were performed for pigs, used birth weight or BW at 3 wk of age as a reference (Damgaard et al., 2003; Wolf et al., 2008) . Information on birth weight or BW at a few weeks of age was not available for GSD, so definitions of within-litter variance in conformation traits were again based on the data from breeding approvals, usually at 2 yr of age.
Because calculation of within-litter variance required 2 or more littermates that had been approved as breeding animals, the problem of lacking population-wide conformation data was increased for this trait. However, regardless of the number of informative litters decreasing to less than one-third, WH and BMI distributions in all dogs with conformation data and in dogs from litters with at least 2 dogs with conformation information were very similar. It was therefore concluded that dogs from litters with more than 1 approved dog were at least representative of all approved dogs. In the model used for the genetic analyses, dependence on the proportions of approved dogs per litter and the proportions of males among the approved littermates was accounted for by the respective class variables. Studies on the birth weight of piglets have shown that within-litter variance can be analyzed across sexes and that it is then adequately modeled by weighting for the proportion of males in the litter (Wittenburg et al., 2008) . Because conformation data on whole litters was usually not available for the GSD, additional modeling of the amount of available information per litter Table 5 . Expected responses to selection with respect to withers height (WH; first line), body mass index (BMI; second line), and score for canine hip dysplasia (CHD; third line) when selection is performed for BMI or withinlitter variance of BMI (vBMI) was required. Nevertheless, the average proportion of approved dogs per litter was 46% in the data set used for definition of within-litter variances, and, based on the available data, it was not possible to assess whether or to which extent the calculated variances among the approved dogs actually reflected within-litter variances because they may have been calculated on the basis of population-wide conformation data. In the studies on BW and BW variance of piglets, birth weights of individual piglets or of whole litters showed approximately 3-to 5-fold greater heritability than the SD or SD 2 [i.e., variance, of birth weight within litter (0.39 vs. 0.08, Damgaard et al., 2003; 0.13 vs. 0.04, Wolf et al., 2008) ]. Additive genetic correlations on the order of 0.2 to 0.3 were estimated between the 2 traits. Although heritabilities of BW and their SD within litter decreased with age, the positive additive genetic correlation was confirmed (Damgaard et al., 2003) . In the GSD, the use of adult conformation measurements made is necessary to account for WH differences when analyzing BW information. Accordingly, BMI (i.e., BW adjusted for WH) was considered because it should better reflect the body proportions and the stature of the dog than BW alone because BMI is highly correlated with the ratio of body length to body height (Roberts and McGreevy, 2010) . For BMI in the GSD, the relation between heritability of the conformation trait and heritability of the within-litter variance was inverted when compared with the studies on porcine birth weight, but the additive genetic correlations between the BW-related traits were similar. This similarity may be explained by the much larger impact of BW than WH on BMI, which is due to consideration of BW in kilograms (in the numerator) and WH in meters (in the denominator). Allowed WH ranges for breeding animals limit WH variation within sex to maximally 0.07 m, whereas ranges of suggested BW are 10 kg in males and 8 kg in females. Furthermore, being overor underweight will hardly ever cause the rejection of breeding candidates, so the observed BW ranges were Table 6 . Expected responses to selection with respect to withers height (WH; first line), body mass index (BMI; second line), and score for canine hip dysplasia (CHD; third line) when selection is performed for WH and BMI or within-litter variances of WH (vWH) and BMI (vBMI) or WH, BMI, vWH, and vBMI in sires, dams, or sires and dams in the German shepherd dog more than twice as large as the recommended ranges (22.0 kg in males, 21.5 kg in females).
Heritability estimates of 0.3 to 0.5 have been reported for WH in different breeds of dogs (Helmink et al., 2001; Dammann et al., 2009) , and our results were in agreement with these figures. The vWH has not yet been included in population genetic studies in the dog. Furthermore, information on vWH is missing in the studies on growth variables in pigs because neonatal or juvenile size measurement is rather uncommon in this species. For the GSD, we found a negative additive genetic correlation of −0.11 between WH and vWH, indicating that the necessary selection for smaller WH may lead to some increase in vWH as long as vWH remains unconsidered. Study of the expected selection responses allowed quantification of the correlated selection responses in the case of single-trait selection on, for example, WH and a comparison of the efficiency of single-and multiple-trait selection. Exclusion of parents with RBV >120 meant low selection intensity, with between 75 and 80% of sires and dams fulfilling the selection criteria (results not shown). However, given the total spectrum of traits that may be relevant for selection in the GSD, including behavior and performance, more intense selection for conformation was considered unrealistic. Under the studied conditions, changes in the distribution of conformation traits were mostly small, but they illustrated the effects of selection on traits with different heritabilities in the presence of genetic correlations of the opposite sign. The breeding standard puts the most weight on WH, so reducing the WH, or at least avoiding further increases in mean WH, should be of primary interest. Instead of selecting on the basis of RBV for WH alone, simultaneous consideration of RBV for vWH will counteract the decrease in litter homogeneity with respect to WH. Selection for smaller BMI and smaller vBMI may be suggested in view of the huge maxima and variations of BW and BMI in the approved dogs. However, unless selection is also for reduced WH, selection for reduced BMI will tend to worsen the problem of increasing mean WH. According to the results of this study, RBV-based selection for conformation in the GSD may preferably include WH and vWH. Stability or a slight improvement of the mean CHD scores implied compatibility with the currently practiced breeding strategies that aim at reducing the number of GSD affected by CHD. Additional inclusion of RBV for BMI and vBMI in the selection conditions with regard to conformation resulted in a considerable reduction in the number of selected offspring (i.e., offspring from matings with 1 or both parents fulfilling the selection conditions). The negative additive genetic correlations between the traits take effect here. Furthermore, in the later case of multiple-trait conformation selection, there were indications of interference with selection against CHD. The use of RBV for WH and vWH for conformation selection is therefore recommended to maximize breeding success with regard to conformation and conformational homogeneity in the GSD.
